In this paper, the speed regulation problem of permanent synchronous motor (PMSM) systems under the vector control framework is studied. A model reference adaptive controller (MRAC) based on the Lyapunov stability theory is first designed. Since the standard MRAC method provides poor disturbance rejection performance in the case of strong disturbances, a composite control method which combines the MRAC method and the disturbance estimation method, called the MRAC+ESO method, is proposed. An extended state observer (ESO) is introduced to estimate the lumped disturbances. The obtained estimated value acts as a feedforward compensation term to the MRAC controller. A stability analysis of the composite control method is given. Simulation and experimental results are presented and compared to show the effectiveness of the proposed control method.
I. INTRODUCTION
The permanent magnet synchronous motor (PMSM) has been widely used in motion control applications due to its excellent features such as a simple structure, high efficiency, high power density and user-friendly maintenance. Many of the industrial applications for servo systems require high performance such as fast response, low overshoot, and insensitivity to disturbances and parameter variations. However, the PMSM is nonlinear plant with states coupling. Although there are methods to make the states decoupled approximately such as setting the referenced direct axis current to zero, it is still difficult for the conventional linear control methods, including the proportional-integral (PI), to achieve a high-precision performance [1] . To enhance the control performance, more advanced control methods have been introduced to PMSM servo systems, e.g., adaptive control [2] - [6] , [19] , disturbance estimation based control [7] , [8] , sliding model control [9] - [11] , finite-time control [17] , predictive control [13] , [14] , fuzzy control [15] , [18] , [19] , neural network control [1] , [12] , [15] , [16] , etc. These methods have improved the performance of PMSM servo systems from different aspects.
Among these methods, the adaptive control method has been widely used in the situations where the system parameters are inaccurately known or the system is operated over a wide range of operating conditions. In such situations, the usual controller with fixed gains may not provide a satisfactory performance. One such concept is the direct adaptive control which identifies the parameters of unknown systems and uses the current parameter to synthesize suitable control gains. This approach is easy to understand and implement, but it needs to identify the system parameters online which may not be allowed in some situations. For example, in many application cases, the PMSM system may not be allowed to add a sufficiently exciting periodical input signal for the online inertia identification [3] .
Another concept is the model reference adaptive control (MRAC) approach. It employs a reference model to generate a reference output. The adaptive laws, derived by means of the Lyapunov stability theory, modify the parameters of the controller without the necessity of a sufficiently exciting system input signal [21] . There have been some promising research reports on the application of the MRAC method to motion control systems. In [22] , the MRAC technique is employed for the velocity and currents loops of induction motor control systems. In [24] , the MRAC method is applied to the outer speed loop of a permanent magnet brushless DC motor. In [23] , a MRAC algorithm for the robust control of a PMSM is proposed and applied to the three control loops including a speed loop and two current loops. [25] and [27] combine the MRAC method and the fuzzy control method. The MRAC method and the variable structure control method in the speed loop improve the performance of the DC motor system and the induction motor system, respectively.
In industrial situations, PMSM systems always encouter different disturbances, e.g., friction force, load disturbances and unmodeled dynamics [29] . The conventional control methods may not react directly and quickly to reject these disturbances, but these control methods can finally suppress them through feedback regulation [3] . Although the disturbances can usually not be measured, there is still one efficient way to quickly reject disturbances. This can be done by estimating the disturbances and feedforward compensating them based on their estimated. Disturbance estimation based control is one of the most useful methods and it has been well used in different applications such as, robotic systems [36] , spacecraft systems [35] , PMSM systems [28] , general motion control systems [37] , etc. The extended state observer (ESO) technique is one of the most useful observers in the disturbance observer field. Under this framework, many control methods based on the feedforward compensation techniques for disturbances have been developed for PMSM systems [28] , [29] .
In this paper, the speed regulation problem for PMSM systems is studied. The target here is to pursue a high closed loop performance with good adaptation ability for different working conditions as well as strong robustness against disturbances and uncertainties. First, a MRAC method is developed for the speed loop of the PMSM system. Second, to improve the disturbance rejection ability, a composite speed control method using the MRAC method and disturbance estimation based on the compensation technique is proposed for PMSM servo systems. The simulation and experimental comparison results of both methods are also presented. This paper is organized as follows. Section II introduces the PMSM model. The MRAC-based speed control scheme is proposed in Section III. Section IV shows the MRAC+ESO composite control strategy. Some conclusions are given in Section Ⅴ.
II. THE MATHEMATICAL MODEL OF THE PMSM
The model of the surface mounted permanent magnet synchronous motor is expressed as follows [30] : The design procedure is based on the framework of the vector control, where the structure of the cascade control loops, including a speed tracking loop and two current tracking loops, are employed. Here two PI controllers are adopted in the two current loops. As shown in Fig. 1 controller. This paper concentrates on the design of the speed loop controller. From (1), the torque equation of the PMSM system can be written as:
where 
III. MRAC CONTROLLER DESIGN FOR THE PMSM

A. Control Design
The MRAC structure is shown in 
where ( ) k t is the variable feedforward gain and ( ) h t is the variable feedback gain. Substituting (4) into (2), yields:
Here, define the speed tracking error and the parameter error as follows:
where
Then, differentiating (6) along system (3) and (5) 
Considering the Lyapunov function: The differentiation of (9) along the trajectory of (8) yields:
Then it can be obtained that:
Therefore, according to the Lyapunov stability theorem, it can be concluded that the closed loop system is asymptotically stable.
B. Simulation and Experimental Results
To demonstrate the efficiency of the MRAC method, some simulation and experiments on a PMSM servo system have been carried out. Both the MRAC and the PI methods are tested on the PMSM system.
The tested motor in the simulation and experiments is a 750W PMSM designed for servo applications. The PMSM parameters are listed in Table I: Then the rotor inertia J is increased to 11J . Experimental tests have also been carried out to evaluate the performance of the two control methods working in this situation. The results are shown in Figs. 9, 10 and 11. From these results, it can be seen that the performance of the controller with fixed gains (PI) becomes worse when the inertia of the system is changed. However, the MRAC controller with variable gains can adapt to the situation and get a high performance.
Tests also have been carried out to evaluate the performance in the presence of sudden load torque disturbances. When the PMSM system is running at a steady speed, a load torque L T is added suddenly and removed after poor disturbance rejection ability which may limit its application. In the following section, a composite method will be proposed to improve the disturbance rejection ability of 
IV. MRAC+ESO COMPOSITE CONTROLLER DESIGN FOR THE PMSM
A. Control Design
In the design procedure presented above, the influence of (2) can be written as: where ( ) c t is the derivative of ( )
Then, a second-order linear ESO for system (13) is designed as follows:
where 1 z is the estimation of speed 1 x , 2 z is the estimation of 2
x , and p -is the desired pole of the ESO with 0 p > .
The block diagram of the composite control method based on a MRAC and an ESO is shown in Fig. 15 . It can be observed that a MRAC controller and an extended state observer are employed to construct the composite MRAC+ESO structure. Under this control method, the composite control form is: Lemma 2 [34] . If the following system:
satisfies the following conditions so that: 1. system (16) is 
For system (17) , choose the Lyapunov function as:
The differentiation of (18) along the trajectory of (17) yields: (19) can be written as:
Supposing that:
That is to say:
In this case, it can be seen that:
2) If m b a < , then (19) can also be written as:
That is to say: Then it can be seen that: 
From the above analysis for both cases, by Lemma 1 it can be seen that system (17) 
as the system input and together with (28) and Lemma 2, it can be concluded that the closed loop system is asymptotically stable.
C. Simulation and Experimental Results
To evaluate the performance of the proposed composite method, simulations and experiments on the PMSM system also have been performed. and a shorter recovery time while maintaining a good dynamic performance. From all of the experimental results above, it can be seen that although the MRAC+ESO method degrades the adaptation ability, it can obtain a better tracking performance and disturbance rejection when compared to the PI and MRAC methods.
The performance indexes of each control method under different conditions are shown in Table II. V. CONCLUSIONS In this paper, the design of a speed controller based on the MRAC for the PMSM has been investigated. This method has shown a better adaptation ability when compared with the PI method. In order to improve the disturbance rejection ability of the controller, a composite controller which combines the MRAC method with an ESO has been proposed. Simulation and experimental results validate that the composite method can obtain a satisfying performance with a faster transient response and a better disturbance rejection capability.
